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ABSTRACT We use pressure tuning of spectral holes to estimate the compressibility of protein molecules by optical means. We found that
the compressibility of mesoporphyrin-substituted horseradish peroxidase increases by a factor of three when it incorporates small
aromatic H-donor molecules that bind in the vicinity of its heme pocket. Such a dramatic softening of its packing density corresponds to a
jump from a compressibility range characteristic for the solid state into that characteristic for liquids.
INTRODUCTION
Horseradish peroxidase (HRP) is a single-chain heme
protein that catalyzes the decomposition of H202 in the
presence of H-donors bound in the neighborhood ofthe
heme (1). Details of this two-step reaction have been
studied extensively; however, the absence ofx-ray crystal-
lographic data for this enzyme hampers the clear insight
into the structural changes involved. Thus, considerable
emphasis has been placed on spectroscopic techniques
and computer simulations. As a reference, cytochrome c
peroxidase, a molecule with similar size and enzymatic
function and with known x-ray crystallographic struc-
ture, generally has been used (2).
In this article, we report on spectral hole-burning ex-
periments performed on HRP under conditions where
the enzyme binds an aromatic H-donor-molecule (4-6).
The special feature ofour technique is that we can inves-
tigate the behavior ofthe burned-in holes under isotropic
pressure conditions (7). A change in pressure leads to a
shift and to a broadening ofthe holes that depend on the
solvent shift of the chromophor and its protein environ-
ment (8, 9). Since the environment is inhomogeneous,
the solvent shift varies when burning the holes at various
positions in the inhomogeneous band profile. From the
pressure shift as a function ofburn frequency, it is possi-
ble to determine in a straightforward way the compressi-
bility of the protein molecule, provided it can be treated
as an elastic and homogeneous medium on the scale of
the relevant interaction (10). Burned-in holes can be
extremely narrow; hence, the technique is so sensitive
that significant line shifts occur at pressure changes on
the order of 0.1 MPa. We could verify that under such
low-pressure conditions, proteins behave as fully elastic
solids ( 10, 11 ).
The compressibility of a protein molecule is a macro-
scopic parameter in the sense that it characterizes an
overall property ofthe biopolymer. As we will show, the
inclusion of a rather small aromatic substrate molecule
in the heme pocket leads to a dramatic change of the
compressibility. The packing density softens in a way
that the protein appears to be more liquid-like than
solid-like. It is this aspect that we want to stress in this
article. It seems probable that the biological function in
the presence of an aromatic H-donor in the pocket is
based on a significant structural change within the whole
protein.
Characterization of HRP under
substrate binding conditions
Results concerning the binding of aromatic H-donors
(substrates) to native HRP indicate a 1:1 stoichiometry
and the involvement of hydrophobic interactions with
an aromatic amino acid residue in the pocket (4-6) at a
distance of 5.8-11.2 A from the heme iron ( 12, 13). The
importance of hydrogen bonding at the binding place
also has been emphasized (4, 5). There have been contra-
dictory interpretations concerning the identification of
the binding place: whether or not the bound substrate is
coordinated to the iron ofthe heme ( 14, 15) or the sixth
coordination place will be occupied by a water molecule
when the substrate is bound ( 15 ). Recent results, how-
ever, seem to support the model already suggested in the
earlier articles that the various aromatic H-donors bind
at the same location within the pocket, close to the 8-
CH3 group of the heme and to Tyr-185 and Arg-183 of
the protein, i.e., at the edge ofthe porphyrin ring, with a
molecular plane almost perpendicular to the porphyrin
plane ( 15 ). Also, our own studies ( 16) show no evidence
for a sandwhich-type binding betweenNHA and MP. (A
schematic sketch [2, 17 ] ofHRP with the substrate mole-
cule attached to the heme is shown in Fig. 1. The relative
scale has the correct order of magnitude.)
Basic aspects of pressure effects
in spectral hole burning as applied
to proteins
Experimental evidence has been published indicating
that the behavior of proteins at low temperatures can, in
many cases, be understood on the basis of glass models
(18-20). However, in some parameters, the special
order and finite size of a protein can lead to specific de-
viations from glassy behavior (21, 22).
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In recent years, theoretical models of chromophores
embedded in glassy matrices have been published that
describe inhomogeneous broadening effects on spectral
lines as seen in hole-burning experiments (8, 9, 23). In
the present article, we want to focus on the line shift ofa
spectral hole as affected by pressure (9). A nonergodic
system, like a protein, can suffer irreversible conforma-
tional changes under sufficiently high pressure changes
(24). However, it has been shown experimentally that
under the low pressure conditions of our experiment,
proteins show perfectly reversible behavior ( 10, 11 ) and,
hence, can be treated as an elastic solid.
In the following, we consider a chromophore in an
isotropic and homogeneous, yet disordered, environ-
ment. It is our goal to find out how its transition fre-
quency changes when the sample is compressed. Sup-
pose the chromophore, when completely isolated, ab-
sorbs light at a frequency ,Vvac, the so-called vacuum
absorption frequency. When put into an interacting envi-
ronment, a solvent molecule (or in the case ofa protein,
the constituent atomic groups) at a distance R may
change this frequency by an amount v(R). If pressure is
applied, then v(R) will change by an additional amount
Av(R). In the low-pressure range of our experiment, a
first-order expansion of v(R,Ap) with respect to Ap is
sufficient, and we get
Av(R) -v(R) 6R
5R b p.
:=a(R)Ap. (1)
Since we had assumed that the environment is isotro-
pic and homogeneous, eRR/Sp is given by
5R RaR - 3 Ks(2)
tSp 3
where K is the homogeneous, isotropic compressibility.
The details ofthe model appear in the chromophore-sol-
vent interaction, i.e., in the functional form of v(R).
Laird and Skinner (9) have shown recently that a modi-
fied Lennard-Jones potential is necessary to describe the
pressure induced broadening ofspectral holes. However,
as far as the line shift effects are concerned, it seems
sufficient to consider the attractive part of the Lennard-
Jones potential only. This part falls off oc 1 /R6. Its inter-
action range is much larger as compared with the repul-
sive part ofthe potential. With this approximation, Eq. 1
and 2 lead to
s = 2K<V(R)>cAP. (4)
v(R)>c is the solvent shift of those molecules, which
have been selected by the burning laser. The suffix c indi-
cates that the averaging procedure involves selected con-
figurations. Since <v(R) >C, is the solvent shift of the fre-
quency selected molecules, it is related, by definition, to
the vacuum absorption frequency of the chromophore
via
(v(R)>- Vb - V (5)
where Vb is the burning frequency. With definition (5),
Eq. 4 becomes:
s = 2K(Vb Pvac)6P- (6)
Note that according to this formula, the shift depends
linearly on the burn frequency Vb. By tuning the fre-
quency of the burning laser over the inhomogeneous
band, this linear dependence can be measured. Then,
from a plot ofthe shift per unit pressure against the burn
frequency, the compressibility and the average solvent
shift vP, defined as the difference between the maximum
position of the inhomogeneous band and the vacuum
frequency, also can be determined (7, 8, 1 1 ).
In this model description, there are three important
approximations involved: (a) the matrix is homoge-
neous and isotropic; (b) the solvent molecules are as-
sumed to be decoupled from each other and to interact
with the chromophore only; and (c) the pressure-in-
duced shift is proportional to the solvent shift. This an-
satz implies a restriction to a R-n - type potential, e.g., a
dispersion type interaction (n = 6).
Point 3 seems to be the most severe approximation. If
one abandons the proportionality between solvent shift
and pressure shift, one ends up with the more general
Laird-Skinner-model (9):
(7)
where Po is the maximum of the inhomogeneous band
and N is the number of solvent atomic groups involved.
The quantities in brackets are averages over all possible
configurations as expressed by the respective integrals
over the two particle correlation function g(R), for in-
stance,
Ka> = -J a(R)g(R) dR, (8)
Av(R) = 2Kv(R)Ap. (3)
In a real experiment, when burning a hole, we see the
contributions from all the chromophores with transition
frequencies identical to that ofthe laser frequency. That
is, we have to average Eq. 3 over all chromophore-matrix
configurations with identical absorption frequencies to
get the measured pressure induced frequency shift s:
where Vis the volume.
The term 1 /Vg(R) can be interpreted as the probabil-
ity of finding a solvent molecule at a distance R from the
dye probe. The term a(R) is defined in Eq. 1. It repre-
sents the change in the interaction between the probe
and a solvent molecule at a distance R, per unit pressure.
Eq. 7 holds for v(R) caused by any kind of interaction.
Note that Eq. 7 still shows a linear dependence on burn
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FIGURE I Sketch of the heme crevice ofHRP with a substrate mole-
cule (naphthohydroxamic acid) at its binding place. The structure is
taken from Teraoka and Kitagawa ( 15). Note that the sketch reflects
the relative dimensions on a correct scale.
frequency vb. However, the slope factor (Eq. 6) is not
any more dependent on the compressibility K solely, but
scales in addition with the degree of correlation p be-
tween a(R) and v(R). p is defined by
p = Ka2>KV)', I < 1. (9)
In principle, p can be determined experimentally by
measuring not only the pressure-induced shift but also
the concomitant broadening A3:
2 N<a2>( 1 p2)Ap2. (10)
Note that N< v2> is the inhomogeneous width. Once p
is known, the parameters vs and vvac can be evaluated
without any specific assumption on the potential used.
As for K, one still has to use model potentials. We stress
that in the above model, K is a local compressibility. It
characterizes the material within the radius of the inter-
action potential. Our experiments demonstrate that this
range does not exceed the size of the protein studied.
We conclude this section by stressing that cross-checks
ofthe determined parameters are possible. We will show
that the compressibilities ofproteins determined by rela-
tion 6 fall well into the range determined by other tech-
niques, e.g., sound velocity measurements. This agree-
ment suggests that the simple line shift model is most
probably good enough to extract parameters of the
correct order of magnitude.
MATERIALS AND METHODS
For the measurements, the native iron proto-heme of HRP has been
replaced by free-base mesoporphyrin (MP) to make the sample fluores-
cent and to get the advantage of having an excellent chromophore for
photochemical hole burning ( 10, 21, 22, 25). It has been shown earlier
(5, 16, 26) that aromatic H-donors bind to HRP with high affinity even
when reconstituted with a metal-free porphyrin. As a representative of
aromatic substrates, naphthohydroxamic acid (NHA) (see Fig. 1) has
been chosen because of its high binding affinity among the H-donors
studied (5, 27).
HRP isoenzyme C2 has been isolated from horseradish roots and
purified as described by Paul and Stigbrand (28). The pure fraction
was treated with 2-butanone (29), and the apoprotein was recombined
with purified mesoporphyrin IX. The sample was generously offered
for our experiments by K.-G. Paul. NHA was synthesized by G. R.
Schonbaum (St. Jude Children's Research Hospital, Memphis, TN)
and kindly donated to us. Samples were prepared in 50,uM ammonium
acetate, pH 5, and 50% glycerol was added to assure transparency. The
concentration of MP-HRP was 20 uM, and NHA was added up to a
molar ratio of 5:1 related to HRP.
Spectral holes have been burnt into the fluorescence excitation spec-
trum at 1.5 K to a relative depth of 50%. The laser source for hole
burning was a single-mode continuous wave (CW) dye laser (model
699-21; Coherent, Inc., Palo Alto, CA) characterized by a bandwidth of
the order of 10-' wavenumbers. The power levels used for burning
were in the microwatt range. Spectral holes were measured by scanning
the laser over the burn frequency. The overall scan range was 1 waven-
umber. The intensity ofthe detection beam was reduced by two orders
of magnitude as compared with the burning beam. Pressure has been
applied isotropically through He gas and could be measured within an
accuracy of 10 hPa. Typically, it was varied in increments of0.2 MPa.
The upper limit of pressure in this experiment was determined by the
solidification ofliquid He at 2.5 MPa, at the temperature ofthis experi-
ment. To assure isotropic pressure conditions, the sample has been
sealed in a plastic bag when immersed in liquid He.
RESULTS
In Fig. 2, a low temperature ( 1.5 K) fluorescence excita-
tion spectrum of MP-HRP is shown with a resolution of
5 cm-'. A previous study (30) has shown that the sharp
peaks, an intense peak at 16,310 cm-l (labeled by 1),
and a small peak at 16,090 cm-', respectively, are (0,0)
bands of different tautomeric forms of free-base MP.
AddingNHA to the protein (spectra in Fig. 2, b-d) leads
to the appearance of new species characterized by two
new (0,0) bands at 16,180 cm-' (labeled by 3) and at
16,260 cm-' (labeled by 2), respectively. The binding
process saturates around a molar ratio of 2.5.
a)
b)
c)
d)
16000 17000
V
18000
/ cm-1
19000
FIGURE 2 Complex formation of HRP and NHA as reflected in the
fluorescence excitation spectrum. The spectra were measured at 1.5 K
in a glycerol/water solution. The ratio ofconcentration ofNHA mole-
cules and HRP molecules is as follows: (a) no NHA, (b) 1 + 1, (c)
2.5+ 1,and(d)5 . 1.
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FIGURE 3 The inset shows how a hole, burnt into the absorption ofthe
HRP-NHA complex, changes under pressure. The two straight lines
reflect the frequency shift of the burnt-in holes with pressure for two
burn frequencies: v, = 16,159 cm-' and v2 = 16,195 cm-'. Tempera-
ture, 1.5 K.
Fig. 3 demonstrates the influence of pressure on a
spectral hole burnt into the 16,180 cm-' band of the
MP-HRP/NHA complex. The inset shows how the hole
changes its shape, its spectral position, and its width
under increasing pressure.
A plot of the hole shift versus pressure change shows
the linear dependence of s on pressure according to Eq.
6. It is also demonstrated that the slope of these lines
depends on the burn frequency (v,, v2).
In Fig. 4 a, we show the shift s per unit pressure as a
function of the burn frequency Vb within the inhomo-
geneous band. The sample is the HRP-NHA complex.
As can be seen, the experimental points fall perfectly
onto a straight line, in agreement with Eq. 6. We take
this as strong evidence that the model used is sufficiently
accurate to describe the pressure effects on spectral holes
in proteins.
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TABLE 1 Comparison of various parameters of the free MP-
HRP and the complex with NHA
K P0 Ps Pvac AV/V
GPa-' cm-' cm-' cm-' %
MP-HRP
(band 1) 0.14 16,310 280 16,590 0.2
MP-HRP/NHA
(band 3) 0.4 16,180 150 16,330 0.4
K, compressibility; P0, maximum of the inhomogeneous band where
hole burning was performed; v5, average solvent shift; v.,, vacuum
absorption frequency ofthe chromophore; AV/V, equilibrium volume
fluctuations.
For comparison, data for the free enzyme MP-HRP
are shown in Fig. 4 b. In this case, the pressure tuning
experiment has been performed within the most intense
tautomer band of the free enzyme around 16,310 cm-'
(see Fig. 2 a). A striking difference between the slopes of
the s/Ap versus Pb plots for the free and complexed pro-
tein is evident. Since, according to Eq. 6, this slope is
determined by the isothermal compressibility K, we con-
clude that the incorporation of the substrate molecule
NHA into the protein changes the compressibility of
HRP from 0.14 to 0.4 GPa-1, i.e., roughly by a factor
of 3.
From the compressibility, the equilibrium volume
fluctuations of the protein can be determined:
AV kBT
v V V - (11)
The volume ofHRP can be estimated by comparison
with myoglobin. It is on the order of 101 Al. Then, we
estimate the complexed enzyme volume fluctuations at
ambient temperatures to be on the order of0.4%. This is
almost a factor of 2 larger than for the free enzyme. Note
that these are lower estimates since K may change as the
temperature is increased from 1.5 K to room tempera-
ture.
The relevant parameters that can be determined from
the pressure-tuning hole-burning experiment are sum-
marized in Table 1. These are the isothermal compressi-
bility K, the average solvent shift Ps, the vacuum frequen-
cies vvac of the chromophore( s), and the respective vol-
ume fluctuations for the free and the complexed
enzyme. P0 is the maximum ofthe band examined by the
hole-burning experiment.
Note that the chromophore in the complex has a dif-
ferent vacuum frequency than in the free enzyme.
DISCUSSION
Comparison with frequency selected
fluorescence spectra
It has been shown (21, 30) that the chromophore in free
HRP can be reversibly transformed, photochemically or
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FIGURE 4 (a) Frequency shift of a hole per unit pressure (s/Ap) as a
function of burn frequency within the inhomogeneous band of the
HRP-NHA complex. The two tautomer bands are also seen in Fig. 2 d.
(b) Frequency shift per unit pressure for the free enzyme (see Fig. 2 a).
Note that the two slopes differ by a factor of 3.
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thermally, into at least four different tautomeric forms
separated by (0,0) energies on the order of 100 cm-'. As
can be seen from Fig. 2, the spectrum, characteristic for
the complex of the protein with NHA, has two distinct
(0,0) maxima without photochemical treatment.
The results, presented in Fig. 2, are in agreement with
our previous studies on complex formation ofMP-HRP
and NHA (27) using fluorescence line-narrowing (FLN)
techniques. Since for these kinds of experiments usually
much higher intensities are required as compared with
hole-burning experiments, the FLN-spectra were repre-
sentative of photobleached samples. The main differ-
ence between these FLN results and the present hole-
burning spectra is that, instead oftwo new bands (2 and
3, Fig. 2), only one could be seen. From this compari-
son, it follows that band 2 and 3 represent two tauto-
meric forms that can be converted under irradiation. As
for the overall change in the'(0,0) range shown in Fig. 2,
it seems to be clear that the binding of the substrate
causes a red shift and decreases the tautomer splitting.
Proteins as glasses: how good
is the model?
The evaluation ofthe data as shown in Figs. 3 and 4 was
based on Eq. 6. The most important question in context
with pressure-tuning hole-burning spectroscopy is, of
course, whether or not this simple model can be applied
to proteins.
Generally speaking, on a qualitative basis, the model
works perfectly, as is most obvious from the linear color
effect of the lineshift per unit pressure shown in Fig. 4.
The model has two parameters, namely the vacuum fre-
quency, vac (or, equivalently, the average solvent shift
v,), and the compressibility K. We have to ask what the
numbers, which we determine from the experiment, re-
ally mean.
The critical quantity in this context is the degree of
correlation p between pressure shift and solvent shift
(Eq. 9). Ifthe correlation were perfect (p = 1 ), the above
model would hold. However, in this case, there would
not be any pressure-induced broadening ofthe hole (Eq.
10), which is not the case. On the other hand, if correla-
tion were totally absent (p = 0), there would be broaden-
ing but no color effect in the shift. The degree ofcorrela-
tion is, in principle, experimentally accessible. We mea-
sured recently a series of alcohol glasses and found p to
be rather high (0.75). Hence, for these systems, the
errors in the above parameters K and vP due to the simpli-
fied model are on the order of 25-30%. This is in agree-
ment with independent experiments.
The degree of correlation is determined by the differ-
ential potential v(R). A high correlation implies that
v(R) scales like R -n . But even for a pure dispersive inter-
action (n = 6), correlation is not perfect, because there
are angular degrees of freedom that lower p.
In proteins, the situation is more complicated. First,
the measured p is lower than in the glasses investigated,
which means that deviations from the true values can be
larger. Second, the variations in the system parameters
may be larger. Variations may arise from the fact that,
on sufficiently short-length scales, proteins are neither
isotropic nor homogeneous. If, for example, the intermo-
lecular interaction responsible for the pressure shift were
significantly influenced by the repulsive part ofthe Len-
ard-Jones interaction, then we would expect different
compressibilities, when the experiment is performed in
bands of different tautomer forms of the chomophor.
Different tautomers may have different interactions with
their nearby environments. The point is that these differ-
ences are not averaged to zero due to the lack ofrandom-
ness on sufficiently short-length scales. The variations in
the parameters are currently investigated.
If, on the other hand, the relevant chromophore-en-
vironment interaction occurs on a sufficiently large
scale, these variations are not significant and the protein
can be described sufficiently well as an isotropic and ho-
mogeneous solvent for the chromophore.
As stressed above, vs and K could be determined with
sufficiently high accuracy from Eq. 6 and the degree of
correlation. Ifwe evaluate p from our experiments using
Eq. 7 and the line broadening under pressure (Eq. 10),
we find p 0.3. Such a low p would imply that the
parameters are uncertain within a factor of 3. However,
there is one big problem that hampers a correct evalua-
tion of p. The reason is that there are interactions that
lead to a broadening but not to a line shift. For example,
the chromophore in HRP is polar and the solvent is po-
lar. Hence, there is a dipole-dipole (and even an ion-di-
pole) interaction between the randomly oriented solvent
molecules and the chromophore that is of infinite range
and that may contribute significantly to the width ,B (Eq.
10), and, hence, may decrease p. However, since ran-
dom dipoles cannot contribute to the shift (Eq. 7), they
cannot influence the slope factor <av>/<v2>. The con-
clusion is that the experimentally observed p is always a
lower limit of the relevant degree of correlation that de-
termines the slope factor <av>/< v2> and the compressi-
bility. Note here that a lower correlation means larger
disorder. (In organic crystals, p is very close to 1.) Hence,
comparing again proteins with organic glasses where the
experimentally determined correlation was -0.75, we
expect that the relevant degree of correlation in proteins
is at least ofthe same magnitude. In Fig. 5, we show that
the parameters determined from the simple relation (Eq.
6) fall very well into the range known from other experi-
ments. This agreement supports the plausibility of our
reasoning.
In fact, in this article, it is the ratio ofthe compressibi-
lity parameters ofthe same protein molecule in the same
host glass under two different conditions on which we
focus and not so much on their absolute magnitude.
Another important question in this context is the ques-
tion of how much the solvent outside the protein mole-
cule contributes to the measured compressibility that we
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FIGURE 5 Compressibility scale for various materials as taken from a
paper by Gavish et al. (36). The protein compressibilities, as measured
in our experiments, are indicated.
want to associate solely with the protein. We argued that
the pressure-induced linewidth change can be influenced
largely by interactions with particles outside of the pro-
tein, but the protein is completely decoupled from these
as far as the shift is concerned. The large difference in K
found between the complexed and uncomplexed forms
of HRP shows that the interaction responsible for the
pressure shift (and for the solvent shift) is of sufficiently
short range not to exceed the dimensions ofthe protein.
This seems to be the case for the dispersion interaction
and other, higher order electrostatic interactions, which
are considered as the dominant contribution to the sol-
vent shift (for reviews, see references 31 and 32) and
which fall off quickly enough (e.g., as R-6). Indeed, it
was shown (33) for myoglobin and hemoglobin that
there is a strong dispersion interaction between protein
and chromophore that is, for example, largely responsi-
ble for the observed rotational strength in these proteins.
CONCLUSIONS
On the basis ofthese arguments, we assume that the sim-
ple model is applicable to proteins. Then, we can evalu-
ate our data according to Eq. 6. From Fig. 4 we learn that
s/Ap is negative. We conclude that for the complex (Fig.
4 a) as well as for the free enzyme (Fig. 4 b), the protein
environment causes a negative solvent shift of the chro-
mophore absorption. Such a behavior is usually ex-
pected for 7r7r*-transitions in nonpolar solvents. How-
ever, the data show that the vacuum frequencies of the
chromophore in the complex (band 3) and in the free
enzyme (band 1) are different. The same holds for the
corresponding solvent shifts; in the complex, this quan-
tity is only half as large as in the free enzyme.
A straightforward explanation of these results is that
bands 1 and 3 arise from different tautomers, which expe-
rience different solvent shifts through the protein. Obvi-
ously, in the presence ofthe aromatic substrate molecule
a different tautomer may be stabilized as compared with
the free enzyme. It is also not surprising that the NHA-
substrate causes a different solvent shift. However, it
should be stressed that NHA influences the inhomo-
geneous width only slightly. The broadening in the com-
plex and the free enzyme differs only by 30%, respec-
tively. NHA contributes to the average solvent shift only
but leaves the inhomogeneous broadening largely un-
changed. Consequently, it has no influence on the color
effect in the pressure-tuning spectra and, hence, on the
compressibility parameter. The latter seems to be solely
determined by the apoprotein.
The most striking effect of complex formation occurs
in the compressibility. This indicates that the incorpora-
tion of the rather small substrate molecule has a dra-
matic effect on the structure ofthe protein. In Fig. 5, we
represent a compressibility scale (34, 35) for a series of
materials as taken from the article by Gavish et al. (36).
There, the proteins fall into the range of organic solids.
Our results for HRP at pH 5 and myoglobin are indi-
cated and they fit well into the scenery, as has been
stressed above.
On incorporation of the substrate molecule, the pro-
tein becomes so soft that its compressibility undergoes a
jump from the solid-state range to the liquid-state range.
Although we found that the compressibility parame-
ters vary on the order of 20-30% when measured at dif-
ferent tautomer bands, the dramatic change on complex
formation is certainly exclusively due to an overall
change in the protein structure on incorporation of the
substrate. We suggest that the local conformational
changes in the heme pocket found by other techniques
are going parallel with an overall rearrangement of the
apoprotein structure. The interesting question is, what is
going on in the protein when it binds NHA near to its
pocket? Here we can only speculate. However, from the
experiment we can definitely conclude that rather small
local perturbations can lead to pronounced global struc-
tural changes, in agreement with what has been sug-
gested by Ansari et al. (37).
Related phenomena have been observed in the pres-
sure-dependent spin state equilibria of a series of heme
proteins (38-41). Under increasing pressure, the sub-
strate molecule dissociates and, concomittantly, the spin
ofthe central iron atom changes. The dissociation ofthe
substrate is accompanied by a substantial volume
change.
In native HRP, at room temperature, the phosphores-
cence of acetone has been observed that was created at
the heme site in an aerobic reaction (42). Fluorescence
quenching studies at room temperature in protopor-
phyrin substituted HRP by molecular oxygen yielded
the lowest measured bimolecular quenching rate for 02
(43). On the basis ofthese data and ofan extensive com-
parison ofvarious proteins (44-46), the heme crevice of
HRP can be considered as a very well-protected volume,
surrounded by rigid, organized a-helical protein regions.
We think that the dramatic change from a solid-like to
a liquid-like compressibility could occur in the following
way: the incorporation of NHA into HRP changes the
local electric fields and certainly induces mechanical
stress, for instance, by pushing away the Tyr- 185 residue
(see Fig. 1). The highly organized cage structure releases
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this stress by rearranging the organized domains and
adopting a new structure. That a thing like this can oc-
cur, i.e., that a small perturbation in the cage can lead to
a remarkable change in the overall structure, reflects the
fact that the energy landscape ofa protein is rugged, even
at room temperature. A rather small perturbation kicks
the whole assembly out of its energy minimum and in-
duces relaxation into a new one. We think that the pres-
ent experiments together with experiments on spectral
diffusion broadening of spectral holes (21, 22) support
the idea of a hierarchical structure of the energy land-
scape of a protein; the spectral diffusion experiments
show that the protein (e.g., HRP) can exist in extremely
shallow energy minima stabilized by barriers on the
order of a few kB* T. Such shallow structural traps are
most probably of local origin.
Contrary to these local structural traps, the structural
change ofHRP induced on substrate binding is kind ofa
global change, as indicated by the large change ofoverall
properties, such as the compressibility. It seems that such
a dramatic softening of the enzyme is of functional rele-
vance. The equilibrium volume fluctuations are in-
creased (roughly by a factor of two) and, consequently,
the penetration of small molecules like H202 to the reac-
tion site becomes much easier. It could well be that HRP
undergoes a similar drastic structural change during its
enzymatic function as the subunits of hemoglobin do
during the oxygen binding process. This latter phenome-
non is known as the allosteric effect.
SUMMARY
It seems that the behavior of spectral holes under pres-
sure is well described by a simple model that is based on
a high correlation between pressure shift and solvent
shift. Within the frame ofthis model, the compressibility
of protein molecules can be determined by optical
means. The experiments show that penetration of a
small substrate molecule into the pocket of HRP
changes the compressibility by a factor of 3. Possible im-
plications of such a behavior on the function of the pro-
tein are discussed.
This work has been supported through grants ofthe Deutscher Akade-
mischer Austauschdienst, the Deutsche Forschungsgemeinschaft (Fr
456/17-1, SFB 262-D12), the Fonds der Chemischen Industrie, the
National Science Foundation (DM88- 15723), and the NATO Interna-
tional Scientific Exchange Programs (CRG 910103).
Receivedfor publication 26 March 1992 and in finalform 4
August 1992.
REFERENCES
1. Dunford, H. B. 1982. Peroxidases. Adv. Inorg. Chem. 4:41-68.
2. Finzel, B. C., Th. L. Poulos, and J. Kraut. 1984. Crystal structure
of yeast cytochrome c peroxidase refined at 1.7 A resolution. J.
Biol. Chem. 259:13027-13036.
3. Welinder, K. G. 1985. Plant peroxidases: their primary, secondary
and tertiary structure, and relation to cytochrome c peroxidase.
Eur. J. Biochem. 151:407-450.
4. Schonbaum, G. R. 1973. New complexes of peroxidase with hy-
droxamic acids, hydrazines and amides. J. Biol. Chem.
248:502-511.
5. Paul, K.-G., and P. I. Ohlsson. 1978. Equilibriums between horse-
radish peroxidase and aromatic donors. Acta Chem. Scand. Ser.
B Org. Chem. Biochem. 32:395-404.
6. Schejter, A. A., A. Lanir, and N. Epstein. 1976. Binding of hydro-
gen donors to horseradish peroxidase: a spectroscopic study.
Arch. Biochem. Biophys. 174:36-44.
7. Gradl, G., J. Zollfrank, W. Breinl, and J. Friedrich. 1991. Color
effects in pressure-tuned hole-burned spectra. J. Chem. Phys.
94:7619-7624.
8. Sesselmann, Th., W. Richter, D. Haarer, and H. Morawitz. 1987.
Spectroscopic studies of guest-host interactions in dye-doped
polymers: hydrostatic pressure effects versus temperature ef-
fects. Physical Review B 36:7601-7611.
9. Laird, B. B., and J. L. Skinner. 1989. Microscopic theory ofrevers-
ible pressure broadening in hole burning spectra ofimpurities in
glasses. J. Chem. Phys. 90:3274-3281.
10. Zollfrank, J., J. Friedrich, J. Fidy, and J. M. Vanderkooi. 1991.
Photochemical holes under pressure: compressibility and vol-
ume fluctuations of a protein. J. Chem. Phys. 94:8600-8603.
11. Zollfrank, J., J. Friedrich, and F. Parak. 1992. A spectral hole
burning study of protoporphyrin IX substituted myoglobin.
Biophys. J. 61:716-724.
12. Burns, P. S., R. J. P. Williams, and P. E. Wright. 1975. Conforma-
tional studies of peroxidase-substrate complexes. Structure of
the indolepropionic acid-horseradish peroxidase complex. J.
Chem. Soc. Chem. Commun. 19:795-796.
13. Leigh, J. S., M. M. Maltempo, P. 1. Ohlsson, and K.-G. Paul. 1975.
Optical, NMR, and EPR properties of horseradish peroxidase
and its donor complexes. FEBS (Fed. Eur. Biochem. Soc.) Lett.
51:304-308.
14. Morishina, I., and S. Ogaea. 1979. Nuclear magnetic resonance
studies ofhemoproteins. Binding ofaromatic molecules to horse-
radish peroxidase. J. Biol. Chem. 254:2814-2820.
15. Teraoka, J., and T. Kitagawa. 1981. Structural implication of the
heme-linked ionization ofhorseradish peroxidase probed by the
Fe-histidine stretching Raman line. J. Biol. Chem. 256:3969-
3977.
16. Horie, T., J. M. Vanderkooi, and K.-G. Paul. 1985. Study of the
active site of horseradish peroxidase isoenzymes A and C by
luminescence. Biochemistry. 24:7931-7936.
17. Sakurada, J., S. Takahashi, and T. Hosoya. 1986. Nuclear mag-
netic resonance studies on the spatial relationship of aromatic
donor molecules to the heme iron of horseradish peroxidase. J.
Biol. Chem. 261:9651-9662.
18. Iben, E. T., D. Braunstein, W. Doster, and H. Frauenfelder. 1989.
Glassy behavior of a protein. Physical Review Lett. 62:1916-
1919.
19. Frauenfelder, H., F. Parak, and R. D. Young. 1988. Conforma-
tional substates in proteins. Annu. Rev. Biophys. Chem. 17:451-
479.
20. Kohler, W., J. Friedrich, and H. Scheer. 1988. Conformational
barriers in low temperature proteins and glasses. Physical Re-
view A 31:660-662.
21. Zollfrank, J., J. Friedrich, J. Fidy, and J. M. Vanderkooi. 1991.
Conformational relaxation of low a temperature protein as
probed by photochemical hole burning. Biophys. J. 59:305-312.
22. Zollfrank, J., J. Friedrich, J. M. Vanderkooi, and J. Fidy. 1991.
Proteins and glasses: a comparative study of spectral diffusion
phenomena. .J. Chem. Phys. 95:3134-3136.
Fidy et al. Packing Density of Horseradish Peroxidase 1611
23. Kador, L. 1991. Stochastic theory of inhomogeneous spectro-
scopic line shapes reinvestigated. J. Chem. Phys. 95:5574-558 1.
24. Frauenfelder, H., N. A. Alberding, A. Ansari, D. Braunstein, B. R.
Cowen, M. K. Hong, I. E. T. Iben, J. B. Johnsson, M. C. Luck,
M. C. Marden, J. R. Mourant, P. Ormos, L. Reinisch, R. Scholl,
A. Schulte, E. Shyamsunder, L. B. Sorensen, P. J. Steinbach, A.
Xie, R. A. Young, and K. T. Yue. 1990. Proteins and pressure.
J. Phys. Chem. 94: 1024-1031.
25. Volker, S., and J. H. van der Waals. 1976. Laser induced photo-
chemical isomerization of free base porphyrin in an n-octane
crystal at 4.2 K. Mol. Physics 32:1703-1718.
26. Aviram, I. 1981. The interaction of benzhydroxamic acid with
horseradish peroxidase and its fluorescent analogs. Arch. Bio-
chem. Biophys. 212:483-490.
27. Fidy, J., K.-G. Paul, and J. M. Vanderkooi. 1989. Differences in
the binding ofaromatic substrates to horseradish peroxidase re-
vealed by fluorescence line narrowing. Biochemistry. 28:7531-
7541.
28. Paul, K.-G., and T. Stigbrand. 1970. Four isoperoxidases from
horseradish root. Acta Chem. Scand. 24:3601-3617.
29. Teale, F. W. J. 1959. Cleavage of the hemeprotein link by acid
methyl ethyl ketone. Biochim. Biophys. Acta. 35:543.
30. Fidy, J., J. M. Vanderkooi, J. Zollfrank, and J. Friedrich. 1992.
More than two pyrrole tautomers of mesoporphyrin stabilized
by a protein. High resolution optical spectroscopic study.
Biophys. J. 61:381-391.
31. Reichardt, C. 1979. Solvent Effects in Organic Chemistry. Verlag
Chemie, Weinheim, New York, 1-355
32. Maitland, G. C., M. Rigby, E. B. Smith, and W. A. Wakeham.
1981. Intermolecular Forces. Clarendon Press, Oxford, UK,
1-580.
33. Hsu, M.-C., and R. W. Woody. 1971. The origin of the heme
cotton effects in myoglobin and hemoglobin. J. Am. Chem. Soc.
93:3515-3524.
34. Cooper, A. 1976. Thermodynamic fluctuations in protein mole-
cules. Proc. Natl. Acad. Sci. USA. 13:2740-2741.
35. Gekko, K., and H. Noguchi. 1979. Compressibility of globular
proteins in water at 25°C. J. Phys. Chem. 83:2708-2714.
36. Gavish, B., E. Graton, and C. J. Hardy. 1983. Adiabatic compres-
sibility ofglobular proteins. Proc. Natl. Acad. Soc. USA. 80:750-
754.
37. Ansari, A., J. Berendzen, S. F. Bowne, H. Frauenfelder, I. E. T.
Iben, T. B. Sauke, E. Shyamsunder, and R. D. Young. 1985.
Protein states and proteinquakes. Proc. Nat. Acad. Sci. USA.
82:5000-5004.
38. Ogunmola, G. B., W. Kauzmann, and A. Zipp. 1976. Volume
changes in binding ofligands to methemoglobin and metmyoglo-
bin. Proc. Natl. Acad. Sci. USA. 73:4271-4273.
39. Ogunmola, G. B. 1980. PH dependent volume changes accom-
panying the binding reactions ofhuman and pigeon methemo-
globins. Biophys. Chem. 11:23-27.
40. Ogunmola, G. B., A. Zipp, F. Chen, and W. Kauzmann. 1976.
Effects ofpressure on the visible spectra ofcomplexes ofmyoglo-
bin, hemoglobin, cytochrome a, and horseradish peroxidase.
Proc. Natl. Acad. Sci. USA. 74:1-4.
41. Fisher, M. T., S. F. Scarlata, and S. G. Sligar. 1985. High pressure
investigations of cytochrome P-450 spin and substrate binding
equlibria. Arch. Biochem. Biophys. 240:456-463.
42. Bechara, E. J. H., 0. M. M. F. Oliviera, N. Duran, R. Casadei de
Baptista, and G. Cilento. 1979. Peroxidase catalysed generation
of triplet acetone. Photochem. Photobiol. 30:101-110.
43. Brunet, J. E., C. Jullian, and D. M. Jameson. 1990. Oxygen diffu-
sion through horseradish peroxidase. Photochem. Photobiol.
51:481-489.
44. Di Iorio, E. E., U. R. Hiltpolt, D. Filipovic, K. H. Winterhalter, E.
Graton, A. Cupane, M. Leone, and L. Cordone. 1991. Protein
dynamics. Comparative investigation on heme-proteins with
different physiological roles. Biophys. J. 59:742-754.
45. Calhoun, D. B., S. W. Englander, W. W. Wright, and J. M. Van-
derkooi. 1988. Phosphorescence quenching ofproteins by exter-
nally added molecules at room temperature. Biochemistry.
27:8466-8474.
46. Vanderkooi, J. M., S. W. Englander, S. Papp, W. W. Wright, and
C. S. Owen. 1990. Long range electron exchange measured in
proteins by quenching of tryptophan phosphorescence. Proc.
Natl. Acad. Sci. USA. 87:5099-5103.
1612 Biophysical Joumal Volume 63 December 1992
